During ischemia or hypoxia, alterations in pH, may play a significant role in alteration of vessel wall function.
D uring ischemia, coronary vessel tone is decreased. 1 The influence of intravascular oxygen tension (P02) acting directly on smooth muscle cells23 or on endothelium has been suggested as a mechanism that mediates the secretion of relaxants. 4 Other mechanisms proposed include the release of vasodilatory metabolites from cardiomyocytes that act on smooth muscle or endothelial cells5 and changes in pH,. Although the mechanism is likely to be multifactorial, the response of coronary vessels to alterations in pH may play an important physiological role in ischemia.' pH, is a critical factor influencing many important cellular functions,6 including membrane permeability and conductance, metabolism, and cell-cell coupling. There are a number of pH,-specific effects that could directly influence excitation-contraction coupling, such as myofilament Ca21 sensitivity,7.8 inositol phosphate metabolism,9 Ca2+-ATPase activity,10.11 and Ca21 currents. '2,13 The effects of altered pHi in vascular tissue are difficult to generalize but have major effects on contractility. By use of the ammonium chloride technique to alter pHi without changing p140,14 alkalinization has been reported to elicit a transient decrease in force, followed by a steady state increase above the precontracted levels'5-17; some authors noted a dependence on the type of stimulation used. 17 On the other hand, several groups have observed that NH4Cl has vasodilatory effects on isolated vessels '8,19 and that decreased pHi increases tone in the rabbit ear artery preparation.20 However, the mechanism(s) underlying these responses at the smooth muscle level is not completely understood.
Two major hypotheses explaining the effects of pHi on isometric force have been put forth: the first and predominant involves an alteration in [Ca2]i; the second involves direct effects on actin-myosin interaction (eg, an effect on myosin ATPase). As our understanding of the regulation of smooth muscle has grown,2' it is now clear that a third category must be considered, that of hypotheses involving alterations in the Ca' sensitivity of the regulatory systems.
There are a number of studies in which the effects of pH, on [Ca 2]i have been measured in cultured smooth muscle cells or cell lines. It has been reported that an increase in pHi elicits an increase in [Ca2]"i,22~24 suggesting a potential coupling between pHi and [Ca21]i. However, the relations of these findings to the alterations in force in intact arteries is unclear, because cultured cells may not be an ideal model for contractile smooth muscle. Therefore, we studied the effects of altering pHi with NH4C1 on force in intact porcine coronary arteries. To further define this mechanism, we used ratiometric fluorescent dye technology; experimental alterations in pH, were 
Materials and Methods Preparation of Arterial Rings
Porcine hearts obtained shortly after slaughter were rinsed of blood and placed in a cold (4°C) Krebs' bicarbonate-buffered physiological salt solution (Krebs-PSS). The distal portions of the left anterior descending coronary artery were dissected and placed in cold Krebs-PSS. Arteries were then cleaned of fat and connective tissue and cut into 5-mm segments. The arterial wall thickness was between 300 and 500 gm. The segments were everted, and endothelium was removed by rubbing gently.
Isometric Force Measurements
Arterial rings were suspended isometrically on two stainlesssteel posts, one of which was attached to a Kistler-Morse DSK force transducer. The rings were placed inside a waterjacketed chamber filled with 15 mL of Krebs-PSS that was maintained at 37°C. The chambers were perfused with 95% 02/5% Co2 to maintain a physiological pH of 7.4. Tension was recorded on a Linear instrument 1200 recorder and on an IBM-compatible computer.
A second experimental set was also performed by using a MOPS-buffered physiological saline solution (MOPS-PSS). The only difference was that the MOPS-PSS was bubbled with air instead of 95% 02/5% CO2. MOPS-PSS was also used in pH, and [Ca2+]i measurements.
After the tissues were isometrically mounted, a period of 1 hour was used to equilibrate the rings at a load of 40 mN. This load was chosen on the basis of prior experiments25 to set a tissue length in the optimal range for maximum tension development. After the equilibration period, three contraction-relaxation cycles were performed at a final concentration of 80 mmol/L KCI to ensure reproducible force responses. The stable response to 80 mmol/L KCl was used as 100% to normalize the force responses for each ring, except as otherwise noted in the text.
One of three experiments was then performed: (1) NH4Cl from a 3-mol/L concentrate was added to obtain a final concentration ranging from 2 to 30 mmol/L to generate a concentration-response curve for unstimulated arteries; (2) 30 mmol/L NH4Cl was added to vessels that were contracted by adding KCl from a 3-mol/L concentrate to a final concentration of 29 mmol/L; or (3) 30 mmol/L NH4Cl was added to tissues stimulated with U46619 from a 1-mmol/L concentrate for a final concentration of 1 ,mol/L. After~20 minutes, the NH4Cl was washed out, and the effects were monitored. pH; Measurements pHi was monitored by measuring fluorescence with the pH indicator dye BCECF. After equilibration, an everted ring was isometrically mounted on a wire hook, which was then attached to a Teflon mount with an inflow and outflow port and fitted into an acrylic cuvette; the final chamber volume was 2.4 mL. The cuvette was connected to a Cole-Palmer circulating pump via polyethylene tubing in which 37°C solutions (MOPS-PSS) could be perfused. The cuvette was placed in a waterjacketed holder maintained at 37°C. The cuvette windows were aligned such that the tissue could be positioned in the path of the excitation beam of a SPEX (model Cml1l1) or PTI Delta Scan-1 (Photon Technology International) dual-wavelength spectrofluorometers, configured for front-face measurements. Background tissue autofluorescence was measured at 505-and 439-nm excitation wavelengths and at 523-nm emission.
After a baseline fluorescence was obtained, tissues were loaded with 5 ,umol/L BCECF-AM in MOPS-PSS for up to 60 minutes at 37°C or until the dye signal was at least 10 times the baseline tissue fluorescence at 505 nm and 3 to 5 times the signal at 439 nm. Subsequently, the tissue was washed in MOPS-PSS for ---30 minutes to eliminate any unesterified BCECF.
NH4Cl (30 mmol/L) was added to baseline or to a 29 mmol/L KCl-induced contraction. After 20 minutes, the NH4Cl was washed out, and the pHi was monitored. Absolute values of pH-were calibrated by the high-K+-nigericin technique.15,26 At the end of each experiment, nigericin (8 ,umol/L) was added to the cuvette, and then MOPS-PSS-buffered high-K' solutions of known pH values (pH 6.8 to 7.8) were perfused through the cuvette. The ratio (minus background) of the fluorescence intensities was linearly related to the pH. A linear regression for each ring was used to convert the fluorescence intensity ratios to absolute pH.
Ca2' Measurements
[Ca2"], was measured with the fluorescent probe fura 2-AM.
Arterial tissues were equilibrated and isometrically mounted on stainless-steel hooks and incubated for 3 hours at 37°C in a well stirred and aerated MOPS-PSS solution containing 12.5 ,umol/L fura 2-AM, 25 ,ug/mL pluronic F-127 (BASF, Wyandotte), and :2 mg/mL bovine serum albumin. After incubation, the tissues were rinsed in MOPS-PSS for 30 to 60 minutes and then placed in acrylic cuvettes. Rings were oriented perpendicular to the light beam of the fluorometer for frontface measurements. They were excited at wavelengths of 340 and 380 nm with emission measured at 510 nm.
[Ca21]i Calibration The fluorescence intensity at 340-nm excitation was divided by that measured at 380 nm, and this ratio was used as an index of [Ca2"],. For statistical analysis, the ratio was assigned values of 0% for resting muscle and 100% for tissue stimulated with 29 mmol/L KCl. After the initial KCl stimulation, washout in PSS often resulted in a baseline 340/380 ratio that was lower than the original baseline; the basis for this phenomenon is unknown. If this were the case, the baseline after the initial KCl stimulation was chosen for this normalization procedure.
This protocol was chosen as a general routine over absolute calibration of the fura 2 fluorescence for several reasons. There are a number of assumptions and concomitant uncertainties in absolute calibration, on both practical and theoretical levels.27,28 Calibration in studies on intact arteries is further complicated by the appreciable baseline or autofluorescence of intact preparations, which is of a magnitude similar to the fluorescence intensity attributed to the dye. The autofluorescence for practical reasons is not generally measured before dye loading. This basal fluorescence, which must be subtracted for absolute [Ca2+]i calibration, can be estimated as the signal remaining after Mn2' quenching in the standard calibration procedures involving ionophores, such as ionomycin. However, this adds additional assumptions. Importantly, in control experiments the baseline fluorescence intensities measured in the absence of dye were not significantly altered by any of our experimental interventions; moreover, the ratioed signals under baseline conditions were not affected by any intervention.
In addition, intact tissue studies typically require relatively long incubation periods with the dye to achieve sufficient fluorescence intensity. Much shorter durations are generally reported as sufficient for dispersed or cultured cells. The basis for this is unclear, but relatively long incubations can lead to accumulation of dye into intracellular organelles, such as mitochondria or sarcoplasmic reticulum. This can also complicate absolute calibration. In the present study, the directionality of [Ca2+]i changes is sufficient to support our major conclusions. Thus, the unaltered ratios in terms of baseline (0%) and KCl (100%) rather than the absolute values are presented because of the major uncertainties in terms of absolute calibration. However, for a subset (n=5) of these experiments we have used the standard calibration procedures,28 which yield values of 50.4± 17 
Analysis of Data
The values given are arithmetic mean+--SEM. n values for sample size represent the number of hearts from which arteries were taken. Differences between groups were assessed by standard ANOVA or two-tailed Student's t test for paired data as appropriate. A significance level of P< .05 was chosen for rejection of the null hypothesis.
Results Isometric Force
To vary pHi while maintaining a constant pH,, the technique of NH4Cl addition and washout was used.'4 This method has been widely used and involves the following reaction: NH4+,c->NH3+HW. Since NH3 is lipid soluble, it readily diffuses to the cell interior and can reassociate with H+ decreasing [H+]i. Washout of the NH4Cl reverses the process and transiently acidifies the cell interior. Arteries were exposed to increasing concentrations of NH4Cl ranging from 2 to 30 mmol/L after the equilibration and precontraction periods. The isometric force response to this alkalinization is shown in Fig 1A, and average values for seven arteries are presented in Fig  1B. For concentrations of NH4Cl under 10 mmol/L, contractile force increased by <10% of that elicited by 80 mmol/L KC] in the control contraction (all force values are expressed as a percentage of the control unless otherwise noted). The force response for NH4C1 concentrations of >10 mmol/L had a characteristic triphasic response (Figs 1A and 2A). After addition of NH4Cl, a transient relaxation (phase 1) occurred, which lasted from 2 to 5 minutes. Force subsequently increased to a maximum (phase 2) and then decreased slightly, attaining a steady state (phase 3) after 10 minutes. The average steady state force was dependent on NH4CI concentration ( Fig 1B) . NH4C1 (30 mmol/L) elicited an average increase in force of 57.0±7.8%, and this concentration was used in subsequent experiments. Thus, alkalinization is associated with a maintained increase in basal tone, ie, force not associated with an external stimulus.
To assess the effects of pHi on precontracted vessels, 30 mmol/L NH4Cl was added to arteries depolarized with 29 mmol/L KCl and, representative of receptormediated pathways, 106 mol/L U46619, a thromboxane A2 analogue (Figs 2 and 3). A similar triphasic response was observed in each case. Force initially decreased rapidly, then increased to levels above the initial stimulated response, and then slowly decreased. KCl On acidification, when NH4C1 was removed by washing the tissue with 29 mmol/L KCl in Krebs-PSS, another triphasic response was observed. A transient decrease was followed by a momentary increase and then a prolonged inhibition of isometric tension, with a minimum value of 27.5±6.8%. The contractile force then slowly increased, and after ;20 minutes, a steady state of 88.7±7.0% was obtained (Fig 2) .
The results for U46619 contractures were qualitatively similar (Fig 3) . Because the force response to 80 mmol/L KCl was only 69.9±2.2% of the 10-6 mol/L U46619 contracture, the force measurements were normalized as a percentage of the 10`6 mol/L U46619 response ( Fig 3B) . NH4Cl alkalinization increased steady state force by 39.5±3.8% above that elicited by U46619. When the bathing medium was returned to 10 6 mol/L U46619, a triphasic response to this acidification, similar to that seen in KCl-contracted rings, was observed (Fig 3) . The maximum depression (to 82.6±4.9%) was significant but less than that observed with KCl stimulation. Thus, the transition to the final recovery phase is not as distinct as for KCl stimulation Shaded bars indicate measurements in the presence of NH4CI. The circled numbers correspond to the points in panel A at which the extrema or steady state values were chosen for the averages given in panel B. Error bars indicate +SEM. Only No. 4 showed a statistically significant difference between the two buffered solutions.
( Fig 3A) ; however, with sufficient time, this was also reversible (data not shown).
For technical convenience, subsequent measurements of pHi and [Ca2"]i used MOPS-PSS, whereas the aforementioned procedures were conducted in Krebs-PSS. For comparison, experiments with KCI stimulation were repeated in MOPS-PSS. These results were qualitatively similar to those found in Krebs-PSS ( Fig 2B) . The only significant difference was that acidification on removal of NH4C1 had a greater inhibition on force in Krebs-PSS than in MOPS-PSS. mmol/L KCI-stimulated tissues (Fig 7) again produced a transient increase then a sustained decrease to 15.3±14.4%. After 
Time-Course Comparisons
To compare the time courses of isometric force, pHi, and [Ca>]i, several factors must be considered. The front-face fluorescence measurements of pHi and [Ca>], reflect changes in the outer cell layers, whereas isometric force responses represent tissue averages. Thus, factors such as the thickness of the tissue and diffusion of stimulus would delay the force response compared with those parameters inferred from the fluorescence measurements. This factor also blurs comparisons of rapid force transients between tissues when considering an averaged time course. In addition, it should be kept in mind that isometric force itself does not instantaneously mirror activation at the crossbridge level because of the series elastic compliance in smooth muscle. Thus, comparisons of transients should be viewed with these considerations in mind. Steady state behavior of each of these parameters, on the other hand, would be directly related. Thus, we make a point of including both individual artery, tissue-averaged, and steady state response data. In these studies, isometric force did achieve true steady states, whereas both pH, and [Ca2li never achieved a true steady state. We use the term "near steady state" for comparisons between these parameters to acknowledge the slow changes observed in these parameters.
In unstimulated tissues (n=4), the increase in isometric force on the addition of 30 mmol/L NI-LCl was accompanied by an increase in pH, but a decrease in [Ca"],. In the steady state (Q10 minutes), [Ca>]i levels recovered completely, whereas after 20 minutes, pHi remained elevated above baseline. There is a transient relaxation of the tissues when NH4Cl is first added, lasting from 2 to 5 minutes, which is in a similar direction to the initial changes in [Ca'+]i; however, the latter transients are considerably more rapid. Importantly, the subsequent maintained increase in force was correlated with the increase in pHi and, surprisingly, with a decrease or no net change in [Ca>]1. Because the changes in [Ca2+]i under basal conditions were small, we focused our efforts on experiments in stimulated conditions. The average time courses for pHi, [Ca>]j, and isometric force are shown in Fig 8A. Because each type of measurement required a different tissue and/or apparatus, the recordings were synchronized at the point of addition or removal of NH4Cl. The near-steady state data are summarized in Fig 8B. In tissues stimulated with 29 mmol/L KCl (n=7), the overall results were similar to those in unstimulated rings, but there were also significant differences. In the presence of NH4Cl, [Ca 2]i was also decreased as isometric force and pH, increased, but in the steady state, [Ca2], levels recovered only '15%, remaining at "30% of the original KCl-stimulated levels (Fig 8B) . At this time, both pHi and force had decreased from their peak changes but remained elevated compared with that measured in the steady state of a KCI contracture. With NH4Cl removal, the transient changes in force were not paralleled by changes in [Ca>]j, which steadily rose to 87.7±14.4%.
Although pHi did drop into the acidic region of 6.76±0.05 and recovered to 7.00±0.07, this did not temporally correlate with the initial transient decrease and increase in force before the prolonged depression. Discussion The reported relations between pHi and contractile force in vascular tissue are complex and often contra- dictory. Part of the reported differences may lie in the particular point in time at which the effects of pHi are reported and in the comparison of contractile responses in whole tissue to pH, measurements in cultured vascular smooth muscle. Perhaps the clearest consensus relates to the effects of NH4C1 on pHi. Our results ( Fig   4A and 4B ) are typical of those reported. Addition of NH4C1 leads to a rapid alkalinization followed by a partial recovery and a near steady state of elevated pHi, whereas removal of NH4C1 produces a rapid acidification followed by recovery.
Under unstimulated conditions, alkalinization was associated with an increase in isometric force that lagged the rapid increase in pHi elicited by addition of NH4C1. This behavior in coronary arteries is similar to that reported for rat aorta16 and canine intrapulmonary arteries. 15 These results in larger arteries differ from those reported for rat mesenteric arterioles.1732 For these arterioles, NH4C1 alkalinization relaxed tone, and the transient acidification with removal of NH4Cl was associated with a transient increase in force. These differences may reflect particular properties of arterioles; however, the transient increase in force with removal of NH4Cl may be similar to that seen under stimulated conditions in the larger arteries.
The time courses of the isometric force responses to NH4Cl under stimulated conditions are more complex, and there is clearly no 1:1 correlation with that of pHi. In the near-steady state condition, from 10 to 20 minutes after NH4Cl addition, there is an increase in force associated with alkalinization, and the slow recovery of pHi is matched by a slow decrease in force.
Similarly, after acidification by removal of NH4Cl, the prolonged depression in force and its recovery follows those of pHi. For these near-steady state results, the direction of changes in force parallels that of pHi.
For the initial transients in isometric force, the results are just the opposite, with the changes in force being opposite to the direction of the pHi changes. The transients in force are also of a much slower time course than those of pHi, similar to those reported for rat aorta. 16 The triphasic response seen in larger arteries is similar to those seen in stimulated rat arterioles. Aalkjaer and Mulvany17 indicated that this pattern was observed only for KCl stimulation and not for norepinephrine stimulation. However, in a recent report,32 an initial transient depression followed by a sustained increase in force can also be seen in experiments with norepinephrine stimulation in rat mesenteric arterioles. This is consistent with our observations that the effects of addition and removal of NH4Cl were qualitatively similar with KCl stimulation or with the receptormediated agonist U46619 (Figs 2 and 3 ). On balance, the safest generalization is that under stimulation, the near-steady state etfects of NH4Cl on contractility are an increase in force with alkalinization and depression with acidification.
The mechanism(s) by which NH4Cl and/or the associated changes in pH, affects contractility has been subject to considerable speculation. One major hypothesis underlying most reports involves the modulation of [Ca2+]i by alterations in pHi. This hypothesis is supported by studies in which an increase in [Ca2]i (though transient) was associated with NH4Cl alkalinization in the cultured vascular smooth muscle-like A7r5 cell line22 and cultured smooth muscle cells from rat aorta. 23 On the basis of these expectations, we were surprised that in our studies on intact coronary arteries, the steady state changes in force elicited by NH4Cl were not matched by corresponding changes in [Ca2]1i. In fact, the changes in [Ca2j]i were in the opposite direction for both the transient decrease and the steady state increase in force in response to addition of NH4Cl and concomitant alkalinization. During the near-steady state condition, force was maintained at a level ---120% of that in KCl alone, whereas [Ca2+]i was only ''40% of the level maintained in KCl. These results are similar to those reported by Kim et al, 33 who showed for cardiac myocytes that 20 mmol/L NH4Cl caused an immediate decrease in [Ca2+]i followed by a gradual increase that remained significantly below control values. With removal of the NH4C1, only the slowphase recovery of pHi and force appeared to be temporally correlated with the return of [Ca2"]i toward the initial levels seen in KCl. However, [Ca2+] appeared to Nagesetty and Paul pHi, Force, and [Ca2`J1 in Coronary Arteries 997 return to near control values more rapidly than did either pHi or force.
One might anticipate that fluorescent dyes could be sensitive to pH, although in the initial studies only minor effects were noted.28 This is further supported by recent studies on the pH sensitivity of fura 2, which suggest that for [Ca2"]i measurements at pHi >7.0, any pH-dependent corrections are minor. Thus, our interpretation of the apparent changes in [Ca2+]i from the fura 2 340/380 ratio with addition of NH4C1 and consequent alkalinization would not be affected. On NH4C1 removal and transient acidification, the initial measurements of the 340/380 ratio could underestimate the true [Ca2+]i. However, this simply reinforces the conclusion that the decrease in force under these conditions is accompanied by an increase in [Ca2]1i.
Similarly, our conclusion that the suppression of force by acidic conditions is significantly greater than the effects on [Ca2]i would be strengthened, if our estimates of [Ca2+]i were corrected (increased) for pH effects on fura 2 fluorescence.
The transient force responses to NH4C1 were not temporally correlated with either pHi or [Ca2+] . As noted above, straightforward comparisons of transient behavior are complicated by the differences in the fluorescence responses of the outer cells and that of isometric force, which reflects the whole tissue. However, the observed differences cannot be explained simply by a delay in time of the isometric force response. The underlying mechanism(s) is unknown.
The steady state parameters are directly comparable, and the increase in force with addition of NH4C1 was associated with an increase in pHi but a substantial decrease in At this stage, one clearly cannot rule out direct effects of NH4C1 that do not involve pH. For example, it is possible that addition of NH4C1 leads to a depolarization of the cell membrane. The contraction elicited by NH4C1 was shown to be independent of extracellular Ca> and not affected by Ca> channel antagonists,15"16 which would suggest that it is not mediated by voltagedependent channels. This is supported by the study of Aalkjaer and Hughes35 in which addition and removal of NH4C1 were not associated with significant changes in membrane potential. In the present study, any depolarization attributable to NH4C1 would be anticipated to be associated with an increase in [Ca2"]j, via influx through voltage-dependent Ca2' channels. Our observation that there is in fact a decrease in [Ca>], further argues against this possibility.
Other considerations are the possible osmotic effects of adding NH4C1 and or KCI. Substitution of Na+ for K' is often used in many experiments; although isosmotic, this protocol is actually hypotonic and leads to cell swelling. In short, the basis for this is the Gibbs-Donnan equilibrium (Jones et a136), which requires Ki/K0=ClQ/ Cli and subsequent movement of Cl-into the cell and consequent hypotonicity. In theory, addition of KCI is actually closer to isotonic, and our measurements37 show that in fact this is close. We found that addition of 80 mmol/L KCI did not have major effects on cell volume in the coronary artery. We do not have a comparable measurement for NH4C1, but because this substance is effectively permeable (via the ion-pair dissociation mechanism), it would not be expected to have any steady state osmotic effects. We cannot rule out transient effects, which would depend on the permeability of NH4C1, but we believe this to be relatively rapid, on the basis of our pHi measurements.
Finally, other possibilities, such as direct effects of NH3, might be possible, but there is little evidence to support this despite numerous studies of this nature. As these obvious but, in a sense, trivial mechanisms do not seem to underlie the observed modulation of force by pHi, one is forced to speculate on mechanisms with a more direct role in the regulatory cascade.
One possible mechanism linking changes in pHi to the changes in Ca> sensitivity could involve a G-proteindependent phosphatase.38 This phosphatase system has been implicated in modulation of Ca> sensitivity, and at present, its pH sensitivity is not known. This modulation would not be anticipated to be seen in the studies of Arheden et a18 in which Triton permeabilization was used.
Another alternative might involve regulation at the level of myosin regulatory light chain kinase. It is well known that the force per [Ca2"]l is generally lower for KCI depolarization than for receptor-mediated stimulation. This has been suggested to be mediated at least in part by phosphorylation at calcium-calmodulin-dependent kinase II sites of myosin light chain kinase,39 which can occur during a prolonged elevation in Ca', such as that caused by KC] depolarization. A reversal of this interaction per se. desensitization at alkaline pHi could account for the increase in force with decreased [Ca2"]i seen in a KCl contracture. The qualitative agreement in the force response to NH4Cl between KCl and U46619 stimulation, however, would suggest a similar mechanism for both conditions.
Whether either of these mechanisms is involved with pH-dependent changes in Ca2' sensitivity awaits further study of myosin light chain phosphorylation. Despite the lack of a clear understanding of the underlying mechanism, our studies show that relatively small changes in pHi, on the order of 0.3 unit, are associated with major changes in contractility.
In summary, changes in contractility with pHi altered by NH4Cl are complex. The initial transients in isometric force are not correlated with either pHi or [Ca2"]i. In the steady state, alkalinization is associated with an increase in force and acidification is associated with a depression. The increase in force with alkalinization was associated with a paradoxical decrease in [Ca2"]i.
Thus, changes in contractility associated with changes in pHi evoked by NH4C1 appear to be mediated by changes in the Ca2'-sensitivity of the contractile apparatus rather than through modulation of [Ca2"]i.
